Introduction
============

Recent statistics from the World Health Organization indicate that almost 17.5 million people died from cardiovascular disease (CVD) in 2012, which represents nearly 31% of deaths worldwide ([@b1-ijmm-38-04-1101]). Of these deaths, an estimated 7.4 million were due to coronary heart disease and 6.7 million were due to stroke ([@b1-ijmm-38-04-1101]). The principal cause of heart disease, including myocardial infarction and stroke, in Western society is atherosclerosis, a chronic inflammatory disease characterized by cholesterol and lipid accumulation within the arterial wall ([@b2-ijmm-38-04-1101]). Atherosclerotic cardiovascular disease (ACD) is affected by several factors including age, gender, genetic predisposition, smoking, stress and dietary habits ([@b3-ijmm-38-04-1101]--[@b5-ijmm-38-04-1101]). However, despite lifestyle modifications and the development of novel pharmacological therapies to lower the concentrations of plasma cholesterol, ACD remains the principal cause of death worldwide ([@b1-ijmm-38-04-1101],[@b6-ijmm-38-04-1101],[@b7-ijmm-38-04-1101]).

Atherosclerosis is not only a lipid disorder but also a chronic inflammatory disease affecting the arterial vessel wall ([@b4-ijmm-38-04-1101],[@b8-ijmm-38-04-1101],[@b9-ijmm-38-04-1101]). The first step in the pathogenesis of atherosclerosis is triggered by the deposition of low-density lipoprotein (LDL) cholesterol in the arterial endothelium. The deposited LDL is modified to oxidized LDL (oxLDL), which stimulates the endothelial cells to express adhesion molecules \[vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1)\] and chemokines \[monocyte chemoattractant protein-1 (MCP-1) and interleukin (IL)-8\] ([@b10-ijmm-38-04-1101],[@b11-ijmm-38-04-1101]). During this process, the overexpression of adhesion molecules leads to the recruitment of monocytes in the arterial endothelium, which eventually migrate into the intima and differentiate into pro-atherogenic macrophages. The pro-atherogenic macrophages are activated by residual oxLDL, endotoxins, and heat-shock proteins, and release inflammatory cytokines and growth factors, thus resulting in endothelial activation. This leads to the induction of an inflammatory response through the increased recruitment of leukocytes and the proliferation of smooth muscle cells ([@b12-ijmm-38-04-1101]), which release various inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), IL-1β and IL-6, consequently leading to the accumulation of lipid-laden foam cells and the development of atherosclerosis ([@b4-ijmm-38-04-1101],[@b13-ijmm-38-04-1101],[@b14-ijmm-38-04-1101]).

*Humulus japonicus* (HJ) of the family Cannabaceae, is an annual climbing vine originating from East Asia, including Korea and China ([@b15-ijmm-38-04-1101]). It is wind-pollinated and has a flowering stage that lasts from August to October. This plant grows rapidly as a vine that forms dense stands and displaces native vegetation by outcompeting them for essential resources. It may pose a threat to the environment when invading riparian habitats. It has been demonstrated that the pollen of this plant is allergenic, and is considered as one of the major causes of pollen allergy ([@b16-ijmm-38-04-1101]). To date, HJ has been reported to exert anti-mutagenic ([@b17-ijmm-38-04-1101]), antimicrobial ([@b18-ijmm-38-04-1101]), antioxidant ([@b18-ijmm-38-04-1101],[@b19-ijmm-38-04-1101]), anticancer ([@b19-ijmm-38-04-1101]), anti-mycobacterial ([@b20-ijmm-38-04-1101]), and anti-inflammatory ([@b21-ijmm-38-04-1101]) effects. From the results of previous studies, we speculated that the antioxidant and anti-inflammatory effects of HJ may also contribute to the anti-atherosclerotic effect of HJ. Using RAW 264.7 cells, a murine macrophage cell line, and apolipoprotein E-deficient (apoE^−/−^) mice fed an atherogenic diet, a well-known animal model of atherosclerosis, we performed the present study in order to examine the anti-inflammatory and anti-atherogenic effects of HJ.

Materials and methods
=====================

Preparation of HJ extract
-------------------------

HJ was purchased from Gangwon Herbs (Wonju, Korea) in July, 2014. The voucher specimen was identified by Professor W.-K. Oh, and a voucher specimen (SNU-2014-0004) was deposited at the College of Pharmacy, Seoul National University, Seoul, Korea. Then, the HJ extract was prepared and supplied by the Korea Bioactive Natural Material Bank (Seoul, Korea). Briefly, the dried aerial parts of HJ were soaked in 100% methanol in an extraction container for 2 days at room temperature. The methanol-soluble extract was then filtered through cheesecloth, concentrated exhaustively, and dried under reduced pressure to afford a methanol extract. This HJ extract was suspended in 0.5% carboxymethyl cellulose (CMC) at a concentration of 50 mg/ml as a stock solution, and the working solution of HJ was adjusted to the intended concentrations for use in the *in vitro* and *in vivo* experiments in the present study.

Cell culture and HJ treatment
-----------------------------

The RAW 264.7 cells, a murine macrophage cell line, were purchased from the American Type Cell Culture (ATCC; Manassas, VA, USA), cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin antibiotics (Gibco, Carlsbad, CA, USA), and maintained at 37°C in a humidified 5% CO~2~ incubator. The cells were seeded in 12-well plates (1×10^5^ cells/well), incubated overnight, and thereafter, co-treated with different concentrations of HJ (200 and 400 *µ*g/ml) and lipopolysaccharide (LPS; 1 *µ*g/ml; Sigma-Aldrich, St. Louis, MO, USA) for 24 h. The doses of HJ were determined by preliminary tests using various concentrations (50--500 *µ*g/ml) without cell toxicity to examine the anti-inflammatory effect.

Measurement of inflammation-related gene expression in LPS-stimulated RAW 264.7 cells by reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
---------------------------------------------------------------------------------------------------------------------------------------------------------------

The RAW 264.7 cells were treated with HJ extract for 1 h, and then stimulated with LPS or vehicle for 24 h. The total RNA from the cells was extracted and the samples were reverse transcribed using the iScript cDNA synthesis kit (BioRad, Hercules, CA, USA). The resulting cDNA was amplified using the Exicycler 96 quantitative Real-Time PCR system and SYBR Premix Ex Taq (both from Bioneer, Daejeon, Korea) according to the manufacturer\'s instructions. Oligonucleotide primers \[for TNF-α, IL-1β, IL-6, cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS)\] were designed by Primer Express 3.0 software (Applied BioSystems, Carlsbad, CA, USA); the primer sequences used in the experiments are listed in [Table I](#tI-ijmm-38-04-1101){ref-type="table"}. The cycling conditions were 95°C for 10 min, followed by 40 cycles of 95°C for 10 sec, and 60°C for 1 min. To detect and remove possible primer-dimer artifacts, a dissociation curve was generated for the following cycling conditions: 95°C for 15 sec, 60°C for 1 min, and 95°C for 15 sec. The results were normalized to 18s mRNA levels (reference gene).

Determination of pro-inflammatory cytokine secretion in LPS-stimulated RAW 264.7 cells
--------------------------------------------------------------------------------------

The secretion levels of TNF-α, IL-1-β and IL-6 were determined using culture supernatants from the LPS-stimulated RAW 264.7 cells by capture ELISA using Nunc-Immuno™ Microwell 96-well MaxiSorp™ microplates (Nunc A/S, Roskilde, Denmark). Pro-inflammatory cytokine levels were measured according to the manufacturer\'s instructions using the Mouse ELISA kit, BD OptEIA™ (Pharmingen, San Diego, CA, USA). Briefly, the 96-well plates were coated overnight at 4°C with a capture antibody (anti-mouse TNF-α, IL-1β and IL-6) in coating buffer (1:250). After the plates were washed with washing buffer \[0.05% Tween-20 in 1X phosphate-buffered saline (PBS)\], the plates were blocked with assay diluent (10% FBS in 1X PBS) for 1 h at room temperature. After the plates were washed, standards and samples were added to the wells and incubated for 2 h at room temperature. After the plates were washed, working detector (biotinylated anti-mouse cytokine and streptavidin-horseradish peroxidase conjugate in assay diluent) were added and incubated for 1 h at room temperature. The wells were again washed and the substrate solution (tetramethylbenzidine and hydrogen peroxide) was added and incubated for 30 min at room temperature in the dark. After 30 min, stop solution (1 N H~2~SO~4~) was added. The absorbance was measured using a microplate reader (Thermo Multiskan Spectrum, Thermo Fisher Scientific, Waltham, MA, USA) at 450 nm. A standard curve was obtained using serial dilutions starting from 0 upto 1,000 pg/ml.

Assessment of nitrite and prostaglandin E~2~ (PGE~2~) production in LPS-stimulated RAW 264.7 cells
--------------------------------------------------------------------------------------------------

The RAW 264.7 cells were plated in a 12-well plate as mentioned above, and the concentration of nitrite was measured using Griess reagent. The culture supernatant (100 *µ*l) was mixed with Griess reagent (100 *µ*l) \[equal volumes of 1% (w/v) sulfanilamide in 5% (v/v) phosphoric acid and 0.1% (w/v) naphthyl ethylenediamine dihydrochloride\], and incubated at room temperature for 15 min. The light absorbance of the mixture was read at 540 nm using a microplate reader. The concentration of nitrite was calculated from a serial dilution standard curve of sodium nitrite (NaNO~2~). In addition, the PGE~2~ concentration was measured by a PGE~2~ assay kit according to the manufacturer\'s instructions (R&D Systems, Inc., Minneapolis, MN, USA).

Animal experiments
------------------

Eight-week-old male apoE^−/−^ mice were used in the present study. All animals were obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and maintained at the Korea Research Institute of Bioscience and Biotechnology (KRIBB; Daejeon, Korea) and housed in a controlled temperature (22 ± 1°C) facility and maintained on a reverse 12 h light/dark cycle. The mice were randomly divided into three groups: those fed i) an atherogenic diet (no. 102571; Dyets Inc., Bethlehem, PA, USA) plus vehicle (0.5% CMC) as the vehicle/control group (n=9); ii) an atherogenic diet plus 100 mg/kg of HJ as the HJ100 group (n=5); and iii) an atherogenic diet plus 500 mg/kg of HJ as the HJ500 group (n=8). The doses of HJ were determined by preliminary tests using concentrations of 100, 300, and 500 mg/kg for selection of anti-atherogenic effect. HJ was administered daily by oral gavage for 12 weeks and changes in body weight were measured each week. All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of KRIBB and were performed in accordance with the institutional guidelines at KRIBB.

Plasma analysis
---------------

At the end of the experimental period, blood samples were collected from the orbital venous sinuses of the mice to analyze the concentrations of plasma lipid as well as various biomarkers. Plasma was prepared by centrifuging the blood at 10,000 × g for 5 min at 4°C and subsequently storing it at −70°C until analysis. Plasma total cholesterol and triglyceride levels were analyzed using a kit (Asan Pharm, Seoul, Korea), and other biomarkers including aspartate transaminase (AST), alanine transaminase (ALT), blood urea nitrogen (BUN), creatinine (Crea), glucose (Glu), and non-esterified fatty acid (NEFA) were measured using an automatic blood chemical analyzer (Hitachi, Tokyo, Japan).

Analysis of atherosclerotic lesion formation in the aorta of apoE^−/−^ mice
---------------------------------------------------------------------------

The mice were euthanized with CO~2~ gas, and then the whole aortas were isolated from the vehicle group (n=4), the HJ100 group (n=3), and the HJ500 group (n=4), and the adventitial tissue was removed. After fixation in 10% neutral formalin, the whole aortas were longitudinally dissected, and pinned flat on a rubber plate. Lipid plaques in the whole aorta were stained with oil-red O (Sigma-Aldrich), and en face images were captured using a digital camera (Canon, Tokyo, Japan). The whole aorta surface and stained plaque areas were analyzed by digital image analysis software (Image Inside; GS Media, Daejeon, Korea).

Analysis of atherosclerotic lesion formation in the aortic sinus of apoE^−/−^ mice
----------------------------------------------------------------------------------

The aortic sinuses were isolated from the vehicle group (n=8), the HJ100 group (n=4), and the HJ500 group (n=7), and fixed in 10% neutral formalin. After fixation, the aortic sinuses were embedded in a Tissue-Tek optimal cutting temperature (OCT) compound and sectioned at a thickness of 8 *µ*m using a cryotome (both from Sakura Finetek, Tokyo, Japan). Cryostat sections of the aortic sinus were stained with oil-red O. After oil-red O staining, photographs were captured under a light microscope (BX51; Olympus Corp, Tokyo, Japan) and the atheroma areas of the aortic sinus were quantified using digital image analysis software (Image Inside).

Analysis of monocyte/macrophage infiltration in the aortic sinus of apoE^−/−^ mice
----------------------------------------------------------------------------------

The infiltration of monocytes and macrophages was detected using anti-MOMA-2, a mouse monocyte/macrophage-specific antibody (Abcam, Cambridge, UK). The aortic sinuses were embedded in a Tissue-Tek OCT compound, and then sections of the aortic sinus (8 *µ*m) were incubated with anti-MOMA-2 (1:200), followed by Alexa Fluor 488 nm goat anti-rat IgG (1:250) (Invitrogen, Carlsbad, CA, USA) for visualization. Images of the aortic sinus were captured under a dual fluorescence microscope (Carl Zeiss, Oberkochen, Germany). The positively stained areas in the aortic sinus were quantified using digital image analysis software (Image Inside).

Assessment of the aortic expression of atherogenic genes in apoE^−/−^ mice
--------------------------------------------------------------------------

Total RNA from the whole aorta in each group was extracted using TRIzol reagent (Invitrogen) according to the manufacturer\'s instructions, quantified by a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, San Diego, CA, USA), and stored at −70°C until analysis. Relative quantification of the gene expression was performed using an Exicycler 96 Real-Time PCR System (Bioneer) with SYBR-Green dye (Takara). Oligonucleotide primers (VCAM-1, ICAM-1, iNOS, COX-2, MCP-1, CD68, IL-1β, IL-6 and IL-18) were designed by Primer Express 3.0 software (Applied Biosystems), and the primer sequences used in the experiments are listed in [Table I](#tI-ijmm-38-04-1101){ref-type="table"}. The cycling conditions were 95°C for 10 min, followed by 40 cycles of 95°C for 10 sec, and 60°C for 1 min. To detect and remove possible primer-dimer artifacts, a dissociation curve was generated by adding a cycle of 95°C for 15 sec, 60°C for 1 min, and 95°C for 15 sec. The results were normalized to 18s RNA levels (reference gene).

Statistical analysis
--------------------

All data are presented as the means ± standard error of the mean (SEM). For two-group comparisons, a Student\'s t-test was used. A P-value of \<0.05 was considered to indicate a statistically significant difference.

Results
=======

HJ inhibits the mRNA expression of inflammation-related genes in LPS-stimulated RAW 264.7 cells
-----------------------------------------------------------------------------------------------

To examine the anti-inflammatory effect of HJ, the mRNA expression of inflammation-related genes (TNF-α, IL-1β, IL-6, COX-2 and iNOS) was measured in HJ-treated RAW 264.7 cells stimulated with LPS. LPS stimulation significantly induced the increased expression of pro-inflammatory genes compared with the non-treated cells. The mRNA expression of TNF-α and IL-1β was significantly decreased in the HJ-treated cells ([Fig. 1A and B](#f1-ijmm-38-04-1101){ref-type="fig"}). In addition, IL-6 mRNA expression was markedly reduced in the HJ-treated groups, particularly in the HJ400 group (by 68%) compared with IL-6 mRNA expression in the cells treated with LPS only ([Fig. 1C](#f1-ijmm-38-04-1101){ref-type="fig"}). The expression of other inflammatory mediators, such as iNOS and COX-2, markedly decreased after HJ treatment in a dose-dependent manner. Particularly, the mRNA expression of these two genes decreased by \>80% in the HJ400 group compared with that in the cells treated with LPS only ([Fig. 1D and E](#f1-ijmm-38-04-1101){ref-type="fig"}).

HJ suppresses the secretion of pro-inflammatory cytokines and production of nitrite and PGE~2~ in LPS-stimulated RAW 264.7 cells
--------------------------------------------------------------------------------------------------------------------------------

In addition to assessing the mRNA expression of pro-inflammatory cytokines and inflammatory mediators, we measured the secretion levels of TNF-α, IL-1β, IL-6, nitrite and PGE~2~ in the LPS-stimulated RAW 264.7 cells following HJ treatment. As expected, the TNF-α and IL-6 secretion levels were significantly decreased by HJ treatment ([Fig. 2A and C](#f2-ijmm-38-04-1101){ref-type="fig"}). Particularly the HJ400 group showed a \>50% decrease compared with the cells treated with LPS only. Notably, IL-1β secretion was completely inhibited by HJ treatment regardless of the concentration ([Fig. 2B](#f2-ijmm-38-04-1101){ref-type="fig"}). In general, the increased expression of iNOS leads to the production of high quantities of nitrite, nitrate and superoxide (O~2~^−^) ([@b22-ijmm-38-04-1101]). The release of nitrite in HJ-treated cells was markedly reduced by \>50% compared with the level of nitrite release in the cells treated with LPS only ([Fig. 2D](#f2-ijmm-38-04-1101){ref-type="fig"}). The effects of PGE~2~, an inflammatory mediator, are mediated through the induction of COX-2 expression resulting in inflammation ([@b23-ijmm-38-04-1101]). The treatment of LPS-stimulated RAW 264.7 cells with 400 *µ*g/ml of HJ significantly reduced PGE~2~ levels by 12% compared with the PGE~2~ levels in the LPS-only treated cells ([Fig. 2E](#f2-ijmm-38-04-1101){ref-type="fig"}). Taken together, these findings suggest that HJ inhibits the secretion of pro-inflammatory cytokines and inflammatory mediators in the LPS-stimulated RAW 264.7 cells.

HJ reduces the formation of atherosclerotic lesions in the aortic sinus and the aorta of apoE^−/−^ mice
-------------------------------------------------------------------------------------------------------

To examine the effect of HJ on the formation of atherosclerotic lesions *in vivo*, HJ was administered to apoE^−/−^ mice for 12 weeks, and the whole aorta was obtained, stained with oil-red O, and analyzed. No significant change in the number of atherosclerotic lesions in the aortic en face images of the HJ100 group was observed, whereas the number of aortic lesions was markedly reduced in the HJ500 group (72.09±14.16%), compared with the number of lesions in the vehicle group ([Fig. 3](#f3-ijmm-38-04-1101){ref-type="fig"}). Furthermore, the number of atherosclerotic lesions in the aortic sinus was compared following oil-red O staining. The atherosclerotic area was significantly and dose-dependently decreased in the HJ treatment groups (HJ100 group, 89.71±4.75%; HJ500 group, 83.87±3.97%), compared with that in the vehicle group ([Fig. 4](#f4-ijmm-38-04-1101){ref-type="fig"}). These results indicate that high-dose treatment with HJ clearly reduces the formation of atherosclerotic lesions.

HJ inhibits monocyte/macrophage infiltration in the aortic sinus of apoE^−/−^ mice
----------------------------------------------------------------------------------

To examine the infiltration of monocytes and macrophages in the arterial intima, we performed immunofluorescence staining for MOMA-2 in the aortic sinus ([Fig. 5A](#f5-ijmm-38-04-1101){ref-type="fig"}). HJ decreased the levels of MOMA-2-positive areas in a dose-dependent manner. Moreover, the areas of the aortic sinus stained by MOMA-2 were quantified using image analysis software, and a significantly decreased monocyte/macrophage infiltration was observed in the HJ-treated mice, compared with that in the control apoE^−/−^ group ([Fig. 5B](#f5-ijmm-38-04-1101){ref-type="fig"}). This finding suggests that HJ treatment strongly inhibits the infiltration of monocytes and macrophages in the aortic sinus.

HJ reduces aortic atherogenic gene expression in apoE^−/−^ mice
---------------------------------------------------------------

To further examine the aortic expression of atherogenic genes in HJ-treated apoE^−/−^ mice, we measured the mRNA levels of adhesion molecules (VCAM-1 and ICAM-1), inflammatory mediators (iNOS and COX-2), the monocyte/macrophage marker, CD68, and MCP-1, as well as the pro-inflammatory cytokines (IL-1β, IL-6 and IL-18) in the HJ500 and the control groups. Among the analyzed parameters, the mRNA expression of ICAM-1, MCP-1, CD68 and IL-18 was significantly decreased in the HJ500 group compared with that in the control group ([Fig. 6](#f6-ijmm-38-04-1101){ref-type="fig"}). These results indicate that HJ may reduce the expression of the pro-inflammatory cytokines and atherogenic genes, thereby regulating the migration and the infiltration of mainly monocytes/macrophages, in the aorta of HJ-treated apoE^−/−^ mice.

Plasma analysis
---------------

Plasma lipid and other physiological biomarkers were also determined in the HJ- or vehicle-treated apoE^−/−^ mice. Apart from a decrease in plasma triglyceride levels in both the HJ100 and the HJ500 groups compared with the control group, no significant changes were found in cholesterol, NEFA, AST, ALT, BUN, Crea and Glu levels ([Table II](#tII-ijmm-38-04-1101){ref-type="table"}). Moreover, the changes in body weight were not significantly different among groups during the whole period of the experiments (data not shown). Based on these results, it is suggested that long-term treatment with HJ, at least for 12 weeks in apoE^−/−^ mice, does not induce significant toxic effects.

Discussion
==========

The present study showed that HJ effectively inhibits atherogenesis by suppressing inflammation and the development of atherosclerotic lesions in LPS-stimulated RAW 264.7 cells and apoE^−/−^ mice, respectively. Inflammation caused by inflammatory cytokines and chemokines is the response of tissue to injury ([@b24-ijmm-38-04-1101]). LPS is one of the most well-known macrophage-activating factors, and is usually used for evaluating anti-inflammatory effects ([@b25-ijmm-38-04-1101]). In addition, LPS stimulates the production of various inflammatory cytokines and mediators such as nitric oxide (NO), TNF-α, and ILs, thereby affecting the immune response ([@b26-ijmm-38-04-1101],[@b27-ijmm-38-04-1101]). To determine whether HJ exerts an anti-inflammatory effect, we measured the gene expression of pro-inflammatory cytokines and mediators, and their secretion levels in LPS-stimulated RAW 264.7 cells. Pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) play crucial roles in the initiation of inflammatory processes including immune cell recruitment, thereby promoting the formation of atherosclerotic lesions ([@b28-ijmm-38-04-1101]). Moreover, iNOS and COX-2 are crucial mediators of inflammation. iNOS catalyzes the oxidative deamination of L-arginine to produce NO, a highly reactive free radical involved in several physiological and pathological processes ([@b29-ijmm-38-04-1101],[@b30-ijmm-38-04-1101]). The modulation of iNOS-mediated NO release is a major step in the inflammatory process ([@b31-ijmm-38-04-1101]). COX-2, an inducible isoform of COX, plays an important role in inflammation and produces PGE~2~, also involved in inflammation ([@b32-ijmm-38-04-1101]). In this study, HJ demonstrated a potent anti-inflammatory effect by suppressing the expression of pro-inflammatory cytokines and mediators, and their secretion in LPS-stimulated RAW 264.7 cells. These findings suggest that the anti-inflammatory activity of HJ may contribute to its anti-atherosclerotic effect.

In order to observe the effect of HJ on the development of atherosclerotic lesions, the lesions in the whole aorta and aortic sinus of apoE^−/−^ mice were analyzed after staining with oil-red O. Indeed, HJ treatment for 12 weeks markedly reduced lesion formation in both the aorta (en face) and the aortic sinus in apoE^−/−^ mice fed an atherogenic diet, particularly in the HJ500 group. It is well known that macrophages produce a variety of cytokines and tissue factors in atherosclerotic lesions. Thus, -the inhibitory effect of HJ on monocyte and macrophage infiltration was investigated in the aortic sinus of apoE^−/−^ mice fed an atherogenic diet by immunofluorescent staining with MOMA-2. Quantitative analysis showed that the degree of infiltration was significantly reduced in the HJ500 group compared with the degree of infiltration in the vehicle group. These histological findings indicate that HJ exerts an anti-atherogenic effect and may potentially be used as a novel natural compound for inhibiting the development of atherosclerosis.

Previously, it was reported that atherosclerotic lesions form and develop as a consequence of lipid uptake as well as monocyte recruitment in arterial intima, and subsequent transformation into macrophage foam cells ([@b4-ijmm-38-04-1101]). During this process, activated arterial endothelial cells express various leukocyte adhesion molecules and chemokines which affect the progression of atherogenesis ([@b33-ijmm-38-04-1101],[@b34-ijmm-38-04-1101]). The role of adhesion molecules in atherosclerosis has been reported previously ([@b35-ijmm-38-04-1101],[@b36-ijmm-38-04-1101]). These studies suggest that the expression of adhesion molecules affects the recruitment of immune cells to the arterial intima. Among them, VCAM-1 and ICAM-1, well-known endothelial adhesion molecules of the Ig gene superfamily, may participate in the pathogenesis of atherosclerosis by promoting monocyte accumulation in the arterial intima. Particularly ICAM-1 has well-established roles in T cell activation and in interactions between leukocytes and endothelial cells ([@b37-ijmm-38-04-1101],[@b38-ijmm-38-04-1101]). MCP-1, a member of the cysteine-cysteine chemokine family, is responsible for both lipid accumulation and monocyte recruitment into the arterial walls which affects the progression of atherosclerosis ([@b39-ijmm-38-04-1101]). Previously, studies have reported that the absence of MCP-1 or the inhibition of adhesion molecule expression ameliorates atherosclerosis in various models of atherosclerosis, including apoE^−/−^ mice ([@b40-ijmm-38-04-1101]), LDL receptor-deficient mice ([@b41-ijmm-38-04-1101]), and double-knockout (apoE^−/−^/ICAM-1^−/−^) mice ([@b42-ijmm-38-04-1101]). Moreover, CD68, a pan-macrophage marker, is involved in the inflammation of carotid plaques. It contributes to the formation of a fibrous cap and negatively correlates with plaque cap thickness ([@b43-ijmm-38-04-1101]--[@b45-ijmm-38-04-1101]). IL-18, a member of the IL-1 family of cytokines, has been widely studied in inflammatory diseases including atherosclerosis ([@b46-ijmm-38-04-1101]--[@b48-ijmm-38-04-1101]). It was highly expressed in atherosclerotic plaques compared with the normal and control human carotid atherosclerotic plaques, and was localized in plaque macrophages ([@b49-ijmm-38-04-1101]). Therefore, the downregulation of pro-atherogenic genes may suppress the development of atherosclerotic lesions. In the present study, the expression of pro-atherogenic genes (ICAM-1, MCP-1, CD68 and IL-18) significantly decreased following HJ treatment in apoE^−/−^ mice fed an atherogenic diet. These findings suggest that HJ inhibits atherosclerosis, in part, by downregulating the expression of atherogenic genes, such as adhesion molecules (ICAM-1) and cytokines, leading to a reduction in vascular inflammation, and in monocyte and neutrophil recruitment.

To the best of our knowledge, this is the first study to report that HJ suppresses the development of atherosclerosis by inhibiting the expression of pro-atherogenic factors, such as pro-inflammatory cytokines, chemokines and adhesion molecules, which is followed by the prevention of lipid accumulation in the aortic endothelium in apoE^−/−^ mice. In conclusion, HJ may have potential applications as an effective, therapeutically potent natural product for preventing atherosclerosis.
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![Effect of *H. japonicus* (HJ) on the mRNA expression of pro-inflammatory cytokines and inflammatory mediators in lipopolysaccharide (LPS)-stimulated RAW 264.7 cells. The mRNA expression of (A) tumor necrosis factor-α (TNF-α), (B) interleukin (IL)-1β, (C) IL-6, (D) inducible nitric oxide synthase (iNOS) and (E) cyclooxygenase-2 (COX-2) as measured by RT-qPCR, after normalization of pro-atherogenic gene mRNA signals to 18s mRNA signal for each group. The values are presented as the means ± SEM of four independent experiments. − group: non-treated cells; + group, LPS-only treated cells; HJ200 and 400 groups, LPS + HJ-treated cells (HJ200 and 400 *µ*g/ml). Statistical significance between − and + group, ^\#\#^P\<0.01 and ^\#\#\#^P\<0.001; statistical significance relative to + group, ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001.](IJMM-38-04-1101-g00){#f1-ijmm-38-04-1101}

![Effect of *H. japonicus* (HJ) on the secretion of pro-inflammatory cytokines as well as the production of nitrite and prostaglandin E~2~ (PGE~2~) in lipopolysaccharide (LPS)-stimulated RAW 264.7 cells. The secretion levels of (A) tumor necrosis factor-α (TNF-α), (B) interleukin (IL)-1β and (C) IL-6 as measured by a cytokine ELISA kit. The production levels of (D) nitrite and (E) PGE~2~ as measured using Griess reagent and an ELISA kit, respectively. The values are presented as the means ± SEM of four independent experiments; − group, non-treated cells; + group, LPS-only treated cells; HJ200 and 400 groups, LPS + HJ-treated cells (HJ 200 and 400 *µ*g/ml). Statistical significance between − and + group, \#\#P\<0.01, ^\#\#\#^P\<0.001; statistical significance relative to + group, ^\*^P\<0.05 and ^\*\*\*^P\<0.001.](IJMM-38-04-1101-g01){#f2-ijmm-38-04-1101}

![Effect of *H. japonicus* (HJ) on the development of atherosclerotic lesions in the aorta of apolipoprotein E-deficient (apoE^−/−^) mice. The apoE^−/−^ mice were fed an atherogenic diet plus either vehicle \[0.5% carboxymethyl cellulose (CMC); vehicle group\], or 100 or 500 mg/kg of HJ (HJ100 and 500 groups) for 12 weeks. (A) The whole aorta of apoE^−/−^ mice in each group stained with oil-red O. Scale bar, 500 *µ*m (B) Quantification of the oil-red O positive areas in the whole aorta of apoE^−/−^ mice using image analysis software. The values are presented as the means ± SEM.](IJMM-38-04-1101-g02){#f3-ijmm-38-04-1101}

![Effect of *H. japonicus* (HJ) on the formation of atherosclerotic plaques in the aortic sinus in apolipoprotein E-deficient (apoE^−/−^) mice. The apoE^−/−^ mice were fed either an atherogenic diet plus vehicle \[0.5% carboxymethyl cellulose (CMC); vehicle group\], or 100 or 500 mg/kg of HJ (HJ100 and 500 groups) for 12 weeks. (A) The aortic sinus of apoE^−/−^ mice in each group stained with oil-red O (×40). (B) Quantification of the atherosclerotic plaque areas in the aortic sinus of apoE^−/−^ mice using image analysis software. The values are presented as the means ± SEM. Statistical significance relative to vehicle group, ^\*^P\<0.05 and ^\*\*^P\<0.01.](IJMM-38-04-1101-g03){#f4-ijmm-38-04-1101}

![Effect of *H. japonicus* (HJ) on the infiltration of monocytes and macrophages into the aortic sinus in apolipoprotein E-deficient (apoE^−/−^) mice. The apoE^−/−^ mice were fed an atherogenic diet plus either vehicle \[0.5% carboxymethyl cellulose (CMC); vehicle group\], or 100 or 500 mg/kg of HJ (HJ100 and 500 groups) for 12 weeks. (A) The aortic sinus stained with MOMA2 antibody (monocyte+macrophage, green) and DAPI (nucleus, blue); ×50 magnification. (B) Quantification of the MOMA-2 positive areas in the aortic sinus of apoE^−/−^ mice using image analysis software. The values are presented as the means ± SEM. Statistical significance relative to vehicle group, ^\*^P\<0.05.](IJMM-38-04-1101-g04){#f5-ijmm-38-04-1101}

![Effect of *H. japonicus* (HJ) on pro-atherogenic gene expression in the aorta of apolipoprotein E-deficient (apoE^−/−^) mice. The apoE^−/−^ mice were fed an atherogenic diet plus either vehicle \[0.5% carboxymethyl cellulose (CMC)\] as the vehicle group (unfilled bar), and 500 mg/kg of HJ as the HJ500 group (filled bar) for 12 weeks. The whole aortas from 3--4 mice in each group were pooled to extract RNA. The mRNA expression of (A) vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), (B) inducible nitric oxide synthase (iNOS) and cyclooxygenase 2 (COX-2), (C) monocyte chemoattractant protein-1 (MCP-1) and CD68, and (D) interleukin (IL)-1β, IL-6, and IL-18 as measured by RT-qPCR and normalized by 18s mRNA signal. The values are presented as the means ± SEM. Statistical significance relative to vehicle group, ^\*^P\<0.05 and ^\*\*^P\<0.01.](IJMM-38-04-1101-g05){#f6-ijmm-38-04-1101}

###### 

Primer sequences for RT-qPCR of target genes.

  Gene                                  Primer sequence (5′-3′)
  ------------------------------------- ---------------------------------------
  18s                                   F: 5′-GACACGGACAGGATTGACAGATTGATAG-3′
  R: 5′-GTTAGCATGCCAGAGTCTCGTTCGTT-3′   
  VCAM-1                                F: 5′-ACTGTTTATTACAGCCCCGC-3′
  R: 5′-ACTTCAACGATGGGGACTTG-3′         
  ICAM-1                                F: 5′-GTCGAAGGTGGTTCTTCTGAGC-3′
  R: 5′-TCCGTCTGCAGGTCATCTTAGG-3′       
  iNOS                                  F: 5′-GTTCTCAGCCCAACAATACAAGA-3′
  R: 5′-GTGGACGGGTCGATGTCAC-3′          
  COX-2                                 F: 5′-GGGTGTCCCTTCACTTCTTTCA-3′
  R: 5′-GAGTGGGAGGCACTTGCATT-3′         
  MCP-1                                 F: 5′-CAGCAAGATGATCCCAATGAGTAG-3′
  R: 5′-TCTCTTGAGCTTGGTGACAAAAAC-3′     
  CD68                                  F: 5′-TCACAGTTCACACCAGCTCC-3′
  R: 5′-TCACAGTTCACACCAGCTCC-3′         
  TNF-α                                 F: 5′-TGGCCTCCCTCTCATCAGTT-3′
  R: 5′ -- CCTCCACTTGGTGGTTTGCT-3′      
  IL-1β                                 F: 5′-CTACAGGCTCCGAGATGAACAAC-3′
  R: 5′-TCCATTGAGGTGGAGAGCTTTC-3′       
  IL-6                                  F: 5′-GTTGCCTTCTTGGGACTGATG-3′
  R: 5′-GGGAGTGGTATCCTCTGTGAAGTCT-3′    
  IL-18                                 F: 5′-GGCTGCCATGTCAGAAGACT-3′
  R: 5′-GTCTGGTCTGGGGTTCACTG-3′         

F, forward; R, reverse; VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular adhesion molecule-1; iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2; MCP-1, monocyte chemoattractant protein-1; TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β; IL-6, interleukin-6; IL-18, interleukin-18.

###### 

Effects of HJ on plasma biomarkers in apoE^−/−^ mice.

  Groups    AST (IU/l)   ALT (IU/l)   BUN (mg/dl)   Crea (mg/dl)   Glu (mg/dl)   NEFA (mEq/l)   TG (mg/dl)                                                 TC (mg/dl)
  --------- ------------ ------------ ------------- -------------- ------------- -------------- ---------------------------------------------------------- -------------
  Vehicle   96.1±4.8     35.3±2.6     35.0±9.0      0.3±0.0        112.5±4.9     1.6±0.1        179.5±12.0                                                 1485.8±54.8
  HJ100     112.2±26.8   31.2±3.7     28.8±1.9      0.3±0.0        136.3±14.3    1.2±0.1        157.7±21.4                                                 1504.4±30.2
  HJ500     96.2±6.4     32.8±2.2     26.1±1.4      0.2±0.0        115.9±6.7     1.9±0.1        139.6±8.7[a](#tfn3-ijmm-38-04-1101){ref-type="table-fn"}   1541.0±23.0

The values are presented as the means ± SEM. Statistical significance relative to the vehicle group,

P\<0.05. HJ, *H. japonicus*; apoE^−/−^, apolipoprotein E-deficient, AST, aspartate transaminase; ALT, alanine transaminase; BUN, blood urea nitrogen; Crea, creatinine; Glu, glucose; NEFA, non-esterified fatty acid; TG, triglyceride; TC, total cholesterol.

[^1]: Contributed equally
